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a b s t r a c t
Rolled tungsten 5 wt% rhenium sheet has been annealed to produce two microstructures. As received
with a high dislocation density, measured using HR-EBSD, and pancake shaped grains with a thickness of
E200 nm and annealed with equiaxed grains with average grain size of E90 mm and low dislocation
density. Both materials were ion implanted with 2 MeV Wþ ions to damage levels of 0.07, 0.4, 1.2 and 13
displacements per atom (dpa). Nanoindentation was used to measure change in hardness after
implantations. While irradiation induced hardening is seen to saturate in the as received material at
an increase of 0.4 GPa at 0.4 dpa, the relative hardness change is over four time higher in the annealed
material (1.3 GPa) and saturation does not occur by 13 dpa. These differences in radiation response are
due to the increased sinks for damage in the as received microstructure in the form of dislocation
networks. This is advantageous for use of such nanostructured tungsten sheet in composite materials for
structural applications as they will have improved radiation resistance as compared to bulk tungsten
products. As well as showing the danger of using idealized microstructures for radiation damage studies.
& 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
1. Introduction
Tungsten and its alloys are considered the mostly likely materials
for use as plasma facing components in the main chamber and
the divertor of future commercial scale nuclear fusion tokamaks
such as DEMO [1,2]. This environment is amongst the most
challenging to operate in due to high temperatures and irradia-
tion by both 14 MeV neutrons and other charged and neutral
particles. Tungsten is the leading candidate material due to its
excellent performance at high temperature, including good sputtering
resistance and low activation.
All materials subjected to 14 MeV neutron ﬂuxes in a fusion
device will undergo two major physical processes: transmutation
and ballistic damage. These result in compositional and micro-
structural changes and will affect mechanical properties of the
base alloy over the lifetime of the component. For pure tungsten it
has been predicted by Gilbert and Sublet [3] that after 5 years at
DEMO full power operation it would be transmuted to an alloy
with the composition W–3.8 at%Re–1.4 at%Os. Such changes in
composition have been shown to increase the hardness of the
tungsten alloy [4,5] after irradiation with either ions or neutrons
as compared to pure tungsten. In addition to transmutation,
ballistic neutron damage causes the formation of dislocation loops
by the coalescence of point defects which may affect glissile
dislocation motion (i.e. slip) [6] and also this damage may result
in radiation induced clustering of transmutation products and the
formation of non-equilibrium phases [7].
Neutron damage is widely simulated through the use of ion
implantation experiments [8], to reducing cost, rapid accumula-
tion of damage and by providing non active samples for post
implantation study. However the ion-damage depth is typically on
the order of 100 nm to 10 mm. While this is suitable for examina-
tion of dislocation structures using transmission electron micro-
scopy [9] and chemical segregation using atom probe tomography
[7], the mechanical properties of this thin layer cannot be tested
using conventional means, as it is almost impossible to separate
the performance of this thin surface layer from the bulk ‘substrate’
behavior of the unimplanted region. Small scale mechanical
testing, often with nanoindentation, has previously provided
mechanical data for a range of ion implanted layers [4,10–16].
Previous work Armstrong et al. [4] using large grained annealed
pure tungsten and large grained annealed tungsten–rhenium
alloys and implantation with 2 MeV Wþ ions to damage levels
from 0.04 dpa to 33 dpa has been shown to cause the formation of
small (2–10 nm) prismatic dislocation loops. A signiﬁcant increase
in hardness [4], measured with nanoindentation, attributed to the
interaction between loops and dislocations, has been observed,
even at the lowest damage levels. Observation of defects with
electron microscopy techniques as well as mechanical testing with
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nanoindentation reveals structures and behaviors which are simi-
lar to damage accumulation and hardness increase trends seen in
tungsten and tungsten rhenium alloys irradiated using neutrons
and studied using micro-indentation [17,18].
As discussed above the performance of tungsten at elevated
temperatures is certainly lauded for in-reactor operations, yet this
makes fabrication of complex large parts very taxing (as forming
processes are very difﬁcult due to the inherent brittleness of bulk
tungsten and its high melting point). This will also introduce
difﬁculties during plant construction and has safety implications
for the handling of irradiated parts during shutdown periods and
plant decommissioning. Fundamentally, the brittle to ductile
temperature (BDTT) of bulk samples of pure tungsten is between
120 and 250 1C [19] depending on strain rate, with little success
seen in reducing this by alloying alone [20]. However this
temperature can be reduced by clever materials design, with
recent work by Reiser et al. [21–24] offering much promise. They
show that one option for manufacture of such components is to
join thin tungsten foils (thicknessE100 mm) with a copper brazing
braze to form hybrid alloy/composite laminate structures milli-
meters in dimension, such as a prototype tungsten pipe [22]. In
addition, the complex microstructure results in an impressive
reduction of 500 1C on the brittle to ductile transition temperature.
Foils used in this process are produced by rolling from bulk
tungsten which results ‘nanostructured’ materials with ﬁne grains
sizes and high dislocation densities [21]. As discussed by Wurster
and Pippan [25] nanostructured materials are generally considered
to have superior radiation resistance due to the large number of
interfaces which can act as sinks for the defects produced by
irradiation, however experimental evidence for this is sparse, and
no data is currently available for nanostructured tungsten.
Sharma et al. [26,27] investigated changes in hardness of
nanocrystalline nickel after irradiation by protons and helium
ions. Even at very low damage levels (0.004 dpa) produced by
proton implantation a signiﬁcantly (although unquantiﬁed) larger
increase in hardness is seen for bulk nickel as compared to nano-
crystalline nickel implanted to the same damage level. This is
attributed to extra grain boundary volume in the nc-Ni acting as
efﬁcient sinks. After implantation with Heþ ions the hardness of
nc-Nickel increased from 2.9 GPa to 3.7 Gpa, however in this case
it is unclear what the mechanisms for hardness increase will be as
while both dislocation loops and helium-vacancy clusters, which
can have a signiﬁcant hardening effect [28], will be present and
unfortunately Sharma et al. do not present any information on the
location of the helium. Pouchon et al. [29] performed Heþ ion
implantation, to a damage level of E1 dpa, on two PM2000 ODS
steel samples, one with nano-crystalline grains produced by
severe plastic deformation and a second heat treated to produce
a signiﬁcantly coarser grain size. No differences between the
irradiation hardening in the two materials was observed using
nanoindentation. This suggests rather than the boundary volume
acting as the predominant sink site, that the ODS particles or
internal dislocations act as sinks themselves. Another nanostruc-
tured class of materials discussed with potential for high radiation
resistance is nanolaminates. In work by Demkowicz et al. [30]
alternating layers of Cu and Nb were shown to be highly effective
sinks for radiation induced point defects. Such nanolaminates have
been suggested for use in advanced nuclear systems, but scaling
up such systems to the sizes required for structures in divertors
will prove challenging. Tungsten with a nano-structured grain
morphology and high dislocation density can be produced by
several different plastic deformation routes, including high pres-
sure torsion [31] and rolling [21]. In particular rolling can produce
materials which can be layered together with the potential to
produce bulk components, as shown by the manufacture of a basic
tungsten foil pipe by Reiser et al. [22]. This offers an attractive
route for manufacturing bulk tungsten components with a nanos-
tructured microstructure.
Thus understanding how the mechanical properties of such
nanocrystalline tungsten foils are affected by irradiation damage is
vital to the successful development of foil-composite materials, as
well as understanding how the cascade damage effects mechanical
properties in non-ideal microstructures.
2. Materials and methods
In this study W–5 wt%Re foil (Plansee, Austria) has been used,
which has a very similar microstructure to pure tungsten foil (BCC,
with Re in solid solution). The chemical composition has been
selected to be similar to that expect after 5 years in a DEMO type
14 MeV neutron spectrum [3].
Foils were rolled to a thickness of 250 mm by Plansee, Austria,
using a proprietary rolling method. Foils were sectioned into
pieces approximately 10 mm20 mm, half of these were
annealed for 24 h at 1400 1C in vacuum.
These foils were studied using conventional (hough) and cross-
correlation based EBSD to reveal maps of grain structure and
dislocation densities respectively, with excellent spatial resolution
across many grains [33,42]. The high resolution EBSD variant
compares two or more diffraction patterns to generate maps of
misorientation (and elastic strain) variation with respect to a
reference pattern within each grain.
In this study we have used these high angular resolution
misorientation maps (1E-4 rads) to calculate stored geometri-
cally necessary dislocation density maps, using the Nye tensor
[32]. Brieﬂy, arrays of dislocations with a net Burgers vector will
result in lattice curvature. This curvature can be measured and
related back to speciﬁc dislocation types using knowledge of the
likely families of active slip systems and crystal orientation of the
grain. Unfortunately there are often more than slip systems than
curvatures measured and so we have used a L1 minimization
scheme which results in a dislocation density at each point that
supports the measured curvature and utilized slip systems which
result in a conﬁguration with the lowest line energy. We present
our results as a simple scalar sum of the total dislocation density.
The high resolution variant enables GND densities to be calculated
with a signiﬁcantly lower noise ﬂoor (rmin dy/b n xstep) [42]. For
more details on this method, readers are directed to a recent
overview [33].
EBSD was conducted using a JEOL JSM-6500F at 30 kV with a
50 nm step size. GND densities were calculated using only {110}
〈111〉 type systems, with L1 weighting based upon line energy that
differs for edge and components.
Wþ ion implantation was performed out at the Surrey National
Ion Beam Centre, University of Surrey, UK. Samples in each
condition were mechanically mounted on a stainless steel plate,
allowing part of each sample to be blanked from the beam, and
heated to 300 1C, monitored using a thermocouple mounted
alongside the samples, as described elsewhere [6,10,4]. Wþ ions
were implanted at 2 MeV using a tandem accelerator, at doses of
5.51016 Wþ ions/m2 to 1.91019 Wþ ions/cm2. Using SRIM [34]
(stopping range of ions in matter) the expected damage proﬁle
and level was calculated and converted into displacement per
atoms (dpa), assuming a binding energy of 68 eV [35]. The damage
occurred over a range of E200 nm with the peak damage level
occurring at E100–125 nm. The lowest dose corresponded to a
peak damage level of 0.07 dpa and the highest of 13 dpa.
Nanoindentation was carried out using a MTS Nano Indenter
XP (MTS, TN, USA) with continuous stiffness measurement (CSM)
[36] and a diamond Berkovich indenter tip allowing the measure-
ment of hardness as a function of indentation depth. 32 indents
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were made in each sample 16 in the implanted and 16 in the
unimplanted region all to a depth of 1000 nm, to ensure the indent
was made signiﬁcantly deeper than the predicted damage proﬁle.
The difﬁculties in measuring the mechanical properties of ion
implanted layers without being dominated by underlying unim-
planted material have been discussed extensively elsewhere.
Previous work by Armstrong et al. [4] using a method developed
for studying coated systems has shown that that for this combina-
tion of tungsten and 2 MeV Wþ ions a hardness value taken at
125 nm allows comparisons between samples without either
surface effects or the underlying unplanted material obscuring or
dominating the results.
3. Results
EBSD of representative regions of the rolled and annealed
samples are show in Fig. 1a and b. These maps reveal that are
signiﬁcant differences in the morphology of the rolled and
annealed samples. The rolled sample (Fig. 1a) is largely red and
therefore has a strong {001} texture component. Within these
grains, there is signiﬁcant sub-grain structure which is common to
other BCC metals. In the annealed case, the grains are signiﬁcantly
larger, the texture is much less strong and there is less intragra-
nular misorientation (i.e. Color gradients). The {001} pole ﬁgure
maps,1 c and d conﬁrm that the out of plane texture is very strong
and that the in plane o0014 directions point along the subgrain
boundaries in the rolled structure. The annealing texture is less
strong than the rolled texture and shows that the texture has
largely split into two – with two central peaks and a 151 rotation
for the in plane o0014 directions.
The ion-channeling induced secondary image from a FIB cross
section shown in Fig. 1e reveals a pancake grain structure
consistent with the rolling of equiaxed grains, the grain thick-
ness is E75–200 nm. Again this is as expected for rolled BCC
metals and the aspect ratio is consistent with the appropriate
reduction in thickness for the rolled sheet. Fig. 2 shows grain
diameter histograms for the two samples, on annealing the
average grain diameter (rolled plane) increases from E2 mm to
close to E100 mm.
To determine the density of geometrically necessary disloca-
tions, maps with less pattern binning were captured (Fig. 3) and
Fig. 1. (a) EBSD IPF map of surface normal crystallography of as received W–5 wt%Re. (b) EBSD IPF map of surface normal crystallography of annealed W–5 wt%Re. (c) 001
pole ﬁgure texture map for as received W–5 wt%Re surface normal (d) 001 pole ﬁgure texture map for annealed W–5 wt%Re surface normal. (e) FIB-Secondary electron
image of cross section of as received W–5 wt%Re showing elongated grains along rolling direction.
Fig. 2. Grain size distributions for as received and annealed W–5 wt%Re.
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for each data point the EBSD pattern was saved to disk. High
resolution EBSD analysis was performed to determine the density
of geometrically necessary dislocations and the results for the
rolled and annealed samples are presented in Fig. 3(c) and
(d) respectively.
These maps reveal a stark difference in the stored dislocation
content. As indicated in the IPF maps in Fig. 1, color gradients
within the rolled sample are due to misorientation gradients that
can be linked to subgrain structure and walls of high dislocation
content. The sub-grain structures in this sample are typically a
few micrometers in size and contain areas of low GND density
(o1013 per m2) surrounded by walls a high GND density
(41015 per m2) When the material is annealed, the grains grow
and there are signiﬁcantly fewer and less intense sub-grain
boundaries. Quantitative analysis of the data contained within
these GND maps has been performed through construction of
frequency histograms on a log 10(dislocations per m2) scale pre-
sented in Fig. 4.
These histograms conﬁrm our initial observations, annealing of
the material results in a signiﬁcant reduction in the stored dis-
location content, with a (geometric) mean value of 4.81013lines/m2
in the annealed material and 1.41014lines/m2 in the annealed
material.
Fig. 5a shows hardness–displacement curves measured using
the CSM technique for both unimplanted and samples implanted
to 0.4 dpa. The unimplanted samples in both the as received and
annealed condition show a small indentation size effect at shallow
indents depths, and the hardness of the as received sample is
consistently 2 GPa larger than the annealed, due to both grain
growth and reduction in dislocation density after annealing. On
irradiation the hardness of both the as received and annealed
material is seen to increase. This increase in hardness is seen to be
at a maximum at E80 nm indenter displacement and is negligible
by E500 nm in both material conditions. Fig. 5b and c shows the
absolute hardness values and relative changes in hardness values
at 125 nm for both material conditions and all ﬁve damage levels.
In the annealed condition the hardness increases at the lowest
irradiated does (0.07 dpa) by 0.8 GPa, (from 6.3 Gpa to 7.1 GPa),
further irradiations to higher damage levels shows subsequent
increases in hardness, and by 13 dpa damage the hardness has
increased by 1.35 GPa to 7.8 GPa. However the increase in hardness
as a function of damage level in the unannealed foil is signiﬁcantly
different. After the ﬁrst irradiation (0.07 dpa) the hardness
Fig. 3. Higher magniﬁcation maps of the two materials (a and b) EBSD IPF map of the surface normal crystallography; (c and d) calculated GND content calculated with the
HR-EBSD analysis showing stored dislocation content on a log 10(dislocations per m2) scale.
Fig. 4. GND density frequency histograms from Fig. 3(c and d) showing the average
defect populations in the two scanned regions.
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increases by 0.2 GPa to an absolute value of 8.6 GPa. The following
three irradiation conditions the same increase in hardness of
0.4 Gpa, and the hardness increase seems to have saturated.
4. Discussion
The microstructure of rolled pure tungsten changes signiﬁ-
cantly between rolling and annealing. Clearly this is not surprising.
The impact of this microstructure on the micromechanical
response, tested here with nanoindentation, is of great signiﬁcance
when considering not only real materials in real environments, but
also the extrapolation of ideal materials testing and simulated
radiation damage (ion implantation) on mechanical performance.
Armstrong et al. [4] note that there are two competing
mechanisms for hardening in the W–Re system after irradiation.
These are the damage produced by the production of point defects
and subsequent dislocation loops, and the formation of nanoscale
clusters of rhenium atoms. Their work has shown under self-ion
irradiation at 300 1C there is little formation of precipitates in
W–5 wt%Re, up to 13 dpa of self-ion damage. Thus the majority of
the hardness increase in this system below 13 dpa damage must
be a product of the point defects and dislocation loops produced,
i.e. the formation of non-chemical microstructure. The formation
of microstructure which can conﬁrm this hypothesis has been
performed using both in-situ [37] and post irradiation [4] TEM
studies in W–5 wt%Re. In both cases the damage was found to be a
mixture of both interstitial and vacancy 1/2 〈111〉 and 〈100〉 loops.
These studies focused on well annealed samples, yet in real
engineering components microstructural defects such as a grain
boundaries and existing dislocation structure will act as sinks for
radiation damage. As shown by Pouchon et al. [29] materials with
a coarse grain size can still show resistance to radiation damage if
there is an alternative set of recombination sinks, such as nano-
clusters, available. This leads cleanly to the importance and
relevance of this study.
Use of rolling and annealing has presented us with the unique
opportunity to study the same batch of material with different
defect populations. The nano-structure of the rolled material, with
areas of signiﬁcantly high dislocation density, surrounded by
cleaner sub-grain interiors, clearly has an impact on the mechan-
ical response. This is not surprising and can brieﬂy be explained
through simple forest hardening mechanisms. Here we have gone
one step further and subjected these two materials to ion irradia-
tion and clearly demonstrated that the radiation hardening seen is
signiﬁcantly different, even when differences between forest
hardening of the worked layer are taken into account. Annealed
microstructures tend to over emphasize increases in hardening
associated with self-ion implantation.
Prior work in molybdenum can be used to understand our
ﬁndings. Brimhall and Mastel [38] showed a zone denuded of
dislocation loops of width E200 nm adjacent to a grain boundary
which had been neutron irradiated at 400 1C. Additional work by
Li et al. [39] using in-situ 1 MeV Kr irradiation of molybdenum at
80 1C studied the effect of grain boundaries in acting as sinks and
hence reducing the number of dislocation loops in their vicinity.
They showed a reduction in areal loop density of 64% close to the
grain boundary and a signiﬁcant reduction in areal density up to
30 nm away. Mapping this to the as received W–5 wt%Re studied
in this work, the grain size ranges from 0.2–1 mm in thickness
(Fig. 1C) and E1–10 mm in diameter. This is larger than the
denuded zone seen by Li et al. and suggests that grain boundaries
are not the dominant sink for point defects.
Rapid crystallographic examination to generate maps of orien-
tation, as performed here, indicates that deﬁnition of a grain, and
by proxy grain size, may not be sufﬁcient to understand the
complex behavior of real materials. In deformed samples there
are signiﬁcant orientation gradients, which render thresh holding
of a grain difﬁcult. In the context of radiation damage, we must
focus on areas of either higher stored energy, or existing defects,
and link these to generation and coalescence of defects during
irradiation. High resolution EBSD reveals that there is signiﬁcant
grain substructure, in the form of sub-grain walls of high disloca-
tion density, which must be acting as effecting recombination
centers for point defects.
The bulk nature of samples studied here is signiﬁcant. Cluster
dynamics work by Xu et al. [40] has modeled the effectiveness of
dislocations as sinks compared to surface effects in TEM
Fig. 5. (a) Hardness vs indenter displacement curves for as received and annealed
W–5 wt%Re samples with 0 dpa and 0.4 dpa damage levels. (b) Chart showing
absolute hardness values for as received and annealed W–5 wt%Re for all damage
levels. (c) Relative hardness changes with respect to 0 dpa samples for as received
and annealed W–5 wt%Re for all damage levels. Saturation of hardness increase is
seen in the as received but not in the annealed condition.
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experiments. Surface effects are expected to dominate for in-situ
TEM irradiations the dislocations are shown to have a signiﬁcant
effect as sinks for point defects. In bulk W–5 wt%Re where surface
effects will not play a role this suggests that regions of high
dislocation density will be acting as an even more effective sink for
point defects leading to the saturation in hardening seen in nano-
structure tungsten 5 wt%Re.
Tungsten used in structural components such as the divertor
will be operating at temperatures from up to 700 1C [41], which is
below the temperature at which annealing is observed [21] in such
foils. Use and maintenance of deformed microstructures which
contain sub-grain structures as observed here will result in
enhanced radiation resistance improved component lifetime.
5. Conclusions
This work has shown that the resistance to radiation induced
hardening in as-rolled nano-structured tungsten rhenium sheet is
considerably higher than the resistance of annealed sheet with an
average grain size E50 times larger. This is likely to be due to the
larger number of dislocations provided by the nanostructured
sheet which will allow for the recombination of vacancies without
the formation of new dislocation loops. This is advantageous for
use of such nanostructured tungsten sheet in composite materials
for structural applications as they will have improved radiation
resistance as compared to bulk tungsten products.
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